• We have previously shown, in the atheromatous rabbit aorta, that cholesterol influx can be measured by the accumulation of radioactive cholesterol into the atheromatous lesions, 1 and that, in the period up to 60 days after the commencement of cholesterol feeding, this influx is greater than the net accumulation of cholesterol in the thoracic aorta. The entry of radioactive cholesterol into the atheromatous aorta was found to be related to plasma cholesterol concentration and to arterial cholesterol content. 1 Since plasma cholesterol concentration and aortic cholesterol content were not only correlated to influx of cholesterol but correlated to each other, it was not possible to examine these factors independently.
The present study was designed to determine whether a relationship exists between plasma cholesterol concentration and cholesterol flux into thoracic aorta. In addition, we explored the degree to which entry of radioactive cholesterol into the aortic atheroma may depend upon energy requiring reactions, hydrostatic pressure gradients or exchange reactions.
Methods

EXPERIMENTS IN VIVO
Twenty rabbits were fed daily for 92 days 100 g Purina rabbit chow containing 1 g cholesterol* suspended in 2.6 g cottonseed oil.t At the end of this period all animals were transferred to From the Department of Physiology and Biophysics, University of Tennessee Medical Units, Memphis, Tennessee.
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Purina chow. After 63 days without added cholesterol, nine of the animals were returned to the cholesterol-containing diet for either two or three weeks ("hypercholesterolemic"). Finally, each animal received a tracer quantity of cholesterol-4-C* added in ethyl ether to the appropriate diet two days before termination of the experiment. Blood samples were taken periodically from each rabbit into tubes containing 1/10 volume of 5% disodium ethylenediamine tetracetate in 0.9% aqueous NaCl. The animals were killed by intracardiac air injection, the thoracic aorta taken out and the adventitia and part of the media removed by stripping.
In the next set of experiments in which cholesterol esterification was determined in the aorta in vivo, serum lipoprotein containing C J4 -cholesterol in the free form was prepared by the method of Porte and Havel 2 or by a method somewhat similar to that of Avigan. 3 In the latter case C^-cholesterol in benzene was applied to filter paper which was air-dried and then subjected to vacuum to remove the last traces of benzene. The coated paper was incubated for one and one-half hours with hypercholesterolemic rabbit serum at 37 °C. The incubated serum was filtered through a Swinney filter. Sera labeled by these two procedures were checked for cholesterol bound to native lipoprotein by paper electrophoresis in a Durrani cell containing 0.075 M barbital (Veronal) buffer, pH 8.6 for 14 hours at 5 ma. The strips were stained for protein with bromphenol blue and for lipid with Sudan black B. 4 Autoradiography of the electrophoresis strips was performed by exposure of Kodak medical X-ray film, no screen, which was then developed with Kodak medical X-ray developer.
Serum obtained from rabbits made hypercholesterolemic by feeding 1 % cholesterol was labeled by one of the above techniques. Aliquots of 1 to 3 ml of autologous serum were injected into the ear veins. Serial blood samples were taken for either 6 or 10 hours and the rabbits killed as described for the other experiments.
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obtained from rabbits made hypercholesterolemic by feeding 1% cholesterol for three months. On the next to the last day 40 fie cholesterol-4-C"> was added to the diet. The rabbits were anesthetized with ethyl ether and killed by exsanguination via the abdominal aorta. The thoracic aorta was removed and cut into two approximately equal sections each of which was washed three times in 10 ml unlabeled normal rabbit serum. The aortic halves were then incubated at 37 "C for six hours in 10 ml unlabeled normal serum under an atmosphere of 95% O 2 and 5% CO 2 . Release of radioactive cholesterol was measured at this time. For measurement of influx of cholesterol into the aorta, the labeled serum obtained from these rabbits fed cholesterol-4-C" 1 was incubated with unlabeled halves of atheromatous aortas of rabbits fed cholesterol for 90 days.
In one experiment attempts were made to inhibit metabolic activity by employing 1 X 10" 3 M KCN. In controls 1 X 10~3 M KC1 was added. In other studies 5 X 10~2 M KCN, 5 X K H M NaF and N 2 atmosphere were employed as metabolic poisons. In controls 5 X 10~2 M KC1, 5 X 10-2 M NaCl and O 2 /CO 2 , 95/5, were used. In the last experiments influx of cholesterol was measured after preincubation for one hour with unlabeled serum and inhibitors and subsequent incubation for six hours in cholesterol-labeled serum containing inhibitors.
In one experiment release of C'^-cholesterol into hypercholesterolemic serum was measured for four hours in both enzyme inhibited and control media without preincubation. In experiments in which the effect of boiling the aorta was determined, aortic halves were boiled for 15 minutes in 0.9% saline, washed briefly in plasma and then incubated in an atmosphere of O 2 /CO 2 , 95/5, with serum containing 1 X 10-s M KC1. Unboiled halves served as controls.
To guard against surface contamination by serum, aortas were washed extensively in 0.9% sodium chloride solution before extraction with chloroform methanol. This procedure presumably also removes loosely bound cholesterol and cholesterol ester.
CALCULATION OF CHOLESTEROL FLUX
After cholesterol-4-C 1 * feeding, plasma free and esterified cholesterol specific activities were determined at 22, 29 and 48 hours after C 14 feeding. Flux of free cholesterol into the thoracic aorta was determined by dividing the mean plasma free cholesterol specific activity* into the free C 14 -cholesterol of the total thoracic aorta 'Average plasma specific activity is calculated from the area below the specific activity time curve. and this quantity was divided by two (days on C^-cholesterol) to give influx in ^tg/day. 1 The same calculation was made for esterified cholesterol.
Entry of cholesterol in vitro was measured by the ratio of aortic (free, esterified) C•'-cholesterol to serum (free, esterified) cholesterol specific activities which gives influx in terms of fig of serum cholesterol entering the aorta during the six hour incubation. Multiplication by four and division by the (free, esterified) cholesterol content in the aorta gives influx per day per mg of aortic cholesterol fraction. The results were expressed per mg cholesterol in order to minimize the differences between the two halves of the aorta due to the unequal amounts of cholesterol in each half.
In vitro release of cholesterol from half of a boiled or poisoned aorta was compared to that of the control half. It was expressed as the specific activity of (free, esterified) cholesterol in the incubation medium containing the treated preparation as a percentage of the control specific activity.
LIPIO METHODS
The lipids from aorta and plasma were extracted as previously described. 1 Free and esterified cholesterol were separated by column chromatography, 5 the separations were monitored by thinlayer chromatography, 0 and the cholesterol content of column fractions was determined by saponification according to Abell et al. 7 and subsequent reaction with ferric chloride in sulfuric acid. 8 Radio-assay of C"< and P 32 were performed with a liquid scintillation counter.
Results
STUDIES IN VIVO
The changes in plasma cholesterol levels during all feeding periods are shown in the data in figure 1 . At 42 days, the mean plasma cholesterol concentration was 26.8 mg/ml and remained essentially the same for the next 50 days. At 92 days (A) when cholesterol was removed from the diet, cholesterol concentrations fell precipitously. In an attempt to equalize degree of atheromatosis, the rabbits were paired according to their plasma cholesterol concentrations. At 155 days (B, fig. 1 ) one rabbit of each pair was assigned to a high cholesterol diet and the other continued on Purina chow. During the two or three week experimental period, plasma cholesterol concentrations rose in the "hypercholesterolemic" group, whereas in the "normocholesterolemic" group there was essentially no change. These data along with plasma cholesterol concentrations, specific activities of cholesterol in plasma and arteries, and total aortic cholesterol are found in table 1. The amount of free and esterified cholesterol going into the arteries of "hypercholesterolemic" rabbits was about three times that going into the arteries of "normocholesterolemic" rabbits; this ratio is similar to the ratio of five in plasma cholesterol concentrations of the two groups of animals. Since no significant difference in arterial cholesterol between the two groups could be demonstrated, the difference in cholesterol influx cannot be attributed to differences in lesion size. This is also evident when cholesterol influx in thoracic aorta is expressed per mg of cholesterol present in the aorta.
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Tests of statistical significance were performed on data from pairs of hyper-and normocholesterolemic rabbits matched for plasma cholesterol concentrations at time B shown in figure 1. Plasma cholesterol concentrations and cholesterol influxes into thoracic aortas of hypercholesterolemic animals were significantly greater than those of normocholesterolemic groups at significance levels of 5% or better.
The above experiments demonstrate increased influx of free and ester cholesterol into the aorta during hypercholesterolemia. In the calculation of cholesterol influx no account is taken of possible interconversion of free and esterified aortic cholesterol. Evidence for the hydrolysis of cholesterol ester is difficult to obtain, but the extent of conversion of free to •Arithmetic mean for three blood samples taken at 22, 29 and 48 hours after C"> feeding. The coefficient of variation of cholesterol concentrations was, on the average, for esterified cholesterol 8%, and for free cholesterol 11%.
tNormocholesterolemic animals were maintained on 1 g cholesterol for 92 days. At the end of this period the animals were transferred to Purina chow for the remainder of the experiment. A tracer quantity of cholesterol-4-C'4 in ethyl ether was added to the diet two days before termination of the experiment.
Hypercholesterolemic animals were maintained on 1 g cholesterol for 92 days. At the end of this period the animals were transferred to Purina chow. After 63 days without added cholesterol the animals were returned to the cholesterol-containing diet for either two or three weeks. A tracer quantity of cholesteroW-C^ in ethyl ether was added to the diet two days before termination of the experiment.
§Means ± standard errors of means.
esterified C" 1 -cholesterol was studied in the following experiments. Rabbits fed 1% cholesterol for 45 to 123 days were injected with lipoproteins containing only free C' 4 -cholesterol. Injected C i4 -cholesterol was converted to esterified cholesterol so that plasma cholesterol ester had up to 6% of the specific activity of the plasma free cholesterol. During this period labeled cholesterol disappeared from the vascular space. C^-cholesterol incorporated by the Porte and Havel labeling technique, 2 however, disappeared within five minutes but reappeared slowly over the 10 hour experimental period. Electrophoresis and subsequent radioautography showed that a considerable portion of the label was in large particles at the origin. In an attempt to inject C' 4 -cholesterol in a more physiological form, lipoproteins were labeled by the filter paper technique. Electrophoresis-autoradiography of serum thus labeled showed a diffuse distribution of label which paralleled the 
Specific activity time curves for plasma free (solid line, filled circles) and esterified (broken line and triangles) cholesterol in hypercholesterolemic rabbits injected with serum labeled with C 1! '-cholesterol. % I.D. refers to per cent of injected dose. Hypercholesterolemic rabbits were fed 1% cholesterol for 119 days (panel A) and 45 days (panel B) prior to injection of C"i-labeled
lipid stained areas on the electrophoregram. When injected, this material followed a smooth disappearance curve as indicated in figure 2 . However, calculations of plasma volume based upon per cent injected dose in the five minute blood sample in two experiments gave 99 and 258 ml per kg body weight indicating that rapid removal of denatured lipoprotein took place.
If the aortic free C' 4 -cholesterol were the sole source of C' 4 -cholesterol ester in the aorta, one would not expect the ratio of aortic free and esterified cholesterol specific activities to be affected by the specific activity ratio in plasma. Under conditions in which the plasma C' 4 -cholesterol is distributed one to seven between free and esterified cholesterol (table 1), the ratio of aortic free to Circulation Research, Vol. XVIII, March 1966 esterified cholesterol specific activities was approximately 1:2 whereas when the C" 1 in plasma is primarily in the free cholesterol, the ratio of aortic free to esterified cholesterol specific activity is about 30:1 (table 2: column 6 -T-column 10).
Since esterification of aortic free C" 1 -cholesterol does not occur to any significant extent, C Ji -cholesterol ester in the aorta is derived by direct transfer from plasma.
STUDIES IN VITRO
The following experiments in vitro were designed to determine the importance of metabolic factors on uptake and release of radioactive cholesterol. The steady incorporation of inorganic P 32 into phospholipid during six hour incubations indicated that these measurements in vitro were being made on -cholesterol in aortic intimas taken from rabbits fed C^'-cholesterol for two days. This heterogeneity of C" 1 was readily demonstrable by dividing the intima into two layers: endothelium-subendothelium [1] and subendothelium [2] of a pulmonary artery lesion from an animal fed C J4 -cholesterol for two days. The specific activity of free cholesterol in layer 2 was 56% of that of layer 1 and the specific activity of cholesterol ester was 19% of layer 1.
Additional evidence of nonhomogeneity emerged when aortas labeled in vivo with C'^-cholesterol were incubated in normal plasma; free and esterified cholesterol specific activities in plasma after incubation were consistently higher than the respective aorta specific activities (table 4) . Radioautographic studies also demonstrate incomplete mixing of the entering C ''-cholesterol with the cholesterol pool in the aorta of atherosclerotic 0 and normal rabbits. 9 '
10
The addition of the inhibitor, 1X 10" 3 M KCN, to incubated aortas was based upon the finding of complete inhibition of rat liver mitochondrial electron transport at this CNc oncentration. 11 However, in our experiments on incubated aortas P 32 incorporation was inhibited only 64% by the CN~ addition. Nevertheless, the CN~ addition had little effect upon cholesterol influx and exit (tables 3,4).
In an attempt to mimic the conditions of Shapira et al., 12 we incubated aortas in 5 X 10-2 M CN-and 5 X Kh 2 M F~ in a N 2 atmosphere. This was found to shift the pH of the incubation medium to 11. In about half the samples the pH was adjusted to 7.2. In some instances the uptake of free and esterified cholesterol by the poisoned halves of the arteries was considerably more than the controls, while in others it was the same or somewhat *For aorta, mg/half thoracic aorta; for plasma, mg/ml. t^g of plasma (free, esterified) cholesterol entering aorta/day/mg aortic (free, esterified) cholesterol. Plasma means original plasma diluted 10 to 20% with additives. §Aortas separated into intima-media and media-adventitia after incubation. less.* The only conclusion that seems justified at this point is that fluoride and cyanide added in rather large amounts did not markedly diminish the influx of free and esterified serum cholesterol into the atheromatous aorta.
Boiling of the aorta did not stop influx of cholesterol. It would appear that boiling the aorta produced a greater decrease in esterified cholesterol influx than in free cholesterol influx. That the boiling of the aorta does not give the same results as inhibition with CNã nd F~ may be due to structural changes caused by boiling.
Control aortas which were not stripped after incubation to separate intima from media took up seven times more esterified and free cholesterol than the intimas from stripped aortas. CN~ treated whole aortas took up 31 times more esterified and 15 times more free cholesterol than the CN~ treated intimas from stripped aortas.
Release of cholesterol was measured in the presence of 1 X KH M CN~ which did not affect the exit of cholesterol from atheromatous aortas into normal serum. When the aorta was boiled, the free cholesterol released into normal serum was one-fourth that from the control aorta and esterified cholesterol released was about one-thirtieth that of the control (table 4) .
On the average, 28 and 47% of aortic free and esterified cholesterol are released into normal serum (table 5). In two experiments in which half of the aorta was incubated in hypercholesterolemic serum and the other half was incubated in hypercholesterolemic serum containing CN~ and F~, the release was very similar to that found in normal
•We thank Dr. Allan J. Day for making these observations. serum. This high release into serum in a sixhour incubation period could indicate that both free and esterified cholesterol are, in part, in a superficial pool in the aorta from which cholesterol and cholesterol ester are readily released or exchanged into serum.
It is possible that some of the C"'-cholesterol ester found in serum is due to the esterification in serum of released free C" 1 -cholesterol. It is seen in table 5 that the ratio of ester to free C'-cholesterol released from aortas into normal and hypercholesterolemic sera do not differ significantly. Since it has been found that free C'-cholesterol does not become esterified significantly in hypercholesterolemic serum (unpublished observations ), these findings may be used as evidence that esterification of serum free cholesterol cannot account for the C' /( -cholesterol ester found in the incubation medium.
The studies in vitro give unequivocal evidence that both free and ester cholesterol are released from the aorta. Circumstantial evidence for this had already been obtained from studies in intact animals.
1
Discussion
Felt et al. 13 failed to find a relationship between influx of cholesterol into atheromatous lesions and plasma cholesterol concentration, but in their studies free and esterified cholesterol were not analyzed separately although the injected serum was prepared by an in vitro technique labeling only the free form. In a previous study we found that influx of cholesterol, aortic cholesterol content and plasma cholesterol concentration were related, but these factors could not be separated. 1 In the present experiment, since aortic cholesterol was not a variable, a direct relationship between plasma -cholesterol ester in the atheroma could arise either by some sort of physiolgically significant influx from serum or by esterification of aortic Ci;'-free cholesterol. The latter is, however, excluded by the experiment in the present paper in which lipoprotein labeled only with free cholesterol was injected, and in which little C^-cholesterol ester was found in the aorta. These findings appear to differ from the findings of Stein and Stein, 14 who showed that when l-C3 * linoleic acid is incubated with normal rabbit aorta, labeled cholesterol ester was found in the aorta. One explanation could be that Stein and Stein used normal aorta whereas in the present studies, atherosclerotic aortas were used. Another explanation could be that serum cholesterol and free fatty acid enter different aortic pools. It has been shown already that serum C"'-cholesterol in vivo enters a superficial aortic pool. Fatty acids, on the other hand, may penetrate the aorta very rapidly so that they may reach sites for esterification during the six-hour incubation period.
In previous studies we have shown that the amount of cholesterol in arteries of animals exposed to high cholesterol diet for varying periods of time increases exponentially. 1 It was concluded then that this process could not be explained easily by the filtration theory. 15 Additional evidence against the filtration theory of atherosclerosis is provided by a comparison of influxes of cholesterol in vivo and in vitro. Influx of cholesterol into atheroma in vivo is, for free cholesterol, 22.0 /Ag/day/mg of free cholesterol in the intima and, for esterified cholesterol, 16.3 yug/day/ mg of esterified cholesterol in the intima. 1 Influx in vitro is, for free cholesterol, 28.4 /ig/day/mg of intimal free cholesterol and, for esterified cholesterol, 28.4 /xg/day/mg of esterified cholesterol (table 3) . Therefore, in vitro under conditions where no filtration pressure is exerted, almost the same influx of cholesterol takes place as is found in vivo. These findings also speak against the concept that the cholesterol accumulating in the in-
